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The sequence-dependent mechanics of DNA-
histone binding are essential for nucleosome posi-
tioning and mobility. Here we reanalyze nucleosome
crystal structures in terms of the well-characterized
base-pair scale DNA elasticity, extracting the forces
and torques acting on all bound DNA base pairs.
We find that the strongest forces follow a character-
istic repeating pattern that recovers the 12 known
DNA backbone-histone contact sites. DNA twist
defects and histone point mutations modify this
pattern in interpretable ways. Additional, irregular
forces between contact sites reveal histone tail-
DNA interactions, whereas requiring the absence of
external forces leads to a structural refinement of
linker DNA. Based on these observations, we
propose a simple, structure-based mechanical
model of the nucleosome that is able to explain the
placement of DNA twist defects in 146 base-pair
nucleosomes and allows an estimate of the elastic
energy spectrum of nucleosome twist defect states.
INTRODUCTION
Eukaryotic DNA is packaged into nucleosomes by binding to
histone proteins, which occupy a large majority of the genome.
The pattern of nucleosome positions along DNA is a basic
ingredient of all essential genetic processes in eukaryotes.
This pattern has been found to be nonrandom and largely deter-
mined just by the base sequence of wrapped DNA (Segal et al.,
2006). To explain how nucleosome positions are established,
a detailed understanding of the mechanism of histone-DNA
binding is necessary. Among the most valuable sources of
information about the binding mechanism are high-resolution
structures of the nucleosome core particle (Davey et al., 2002;
Luger et al., 1997). To reduce their complexity, conformations
of bound DNA have been analyzed (Richmond and Davey,
2003) in terms of the rigid base-pair model (Calladine, 1982;
Olson et al., 2001). Here, DNA base pairs are viewed as rigid
bodies, and their relative orientations and positions are
described by the set of six base-pair step parameters: Tilt,
Roll, Twist, Shift, Slide, and Rise (Dickerson, 1989). The rigid
base-pair model allows not only conformational analysis but
also a detailed description of DNA elasticity. The required
sequence-dependent elastic free energies have been parame-
trized from microscopic data (Lankasˇ et al., 2003; Olson et al.,
1998; Becker et al., 2006). They have been successful in
describing indirect readout (Ahmad et al., 2006; Becker et al.,Structure 172006; Morozov et al., 2005; Steffen et al., 2002) and match
well with known, micrometer-scale elastic properties of DNA
(Becker and Everaers, 2007). An analysis of the conformation
of histone-bound DNA in terms of a rigid base-pair elastic
energy score (Tolstorukov et al., 2007) reveals the relative
strength of local DNA deformations. In this article we use rigid
base-pair elasticity to complement the analysis of DNA confor-
mation by determining the forces and torques that histone
proteins exert when deforming DNA into its bound shape.
Below we describe the basic idea of our new method; details
are covered in Experimental Procedures. For a full technical
discussion, including an evaluation of the robustness to
input and parameter uncertainties, see Becker and Everaers
(2009).
Conceptually, it is straightforward to infer the force acting on
a macroscopic elastic body from its observed static deforma-
tion. Given the free energy function of the material, any general-
ized force can be calculated as the derivative of the free energy
with respect to the corresponding conformational degree of
freedom. We propose to apply the same idea to DNA fragments
deformed by binding to proteins. Unlike macroscopic objects,
DNA is subject to strong thermal fluctuations. Nonetheless, in
a regime of linear response, the mean forces required for a given
mean conformation are still given by derivatives of the free
energy, just as in the macroscopic case.
In practice, we first extract the mean base-pair conformation
of the DNA fragment from a given atomistic structural model of
a complex. We allow for a small initial prerelaxation of the
base-pair conformation to reduce noise (described in Experi-
mental Procedures). We then extract the mean force f and
mean torque t acting on each DNA base pair as suitable deriva-
tives of a rigid base-pair DNA elastic free energy function. The
elastic free energy is parametrized by a combination of crystallo-
graphic data and molecular dynamics simulation at room
temperature and at physiological ionic strength (see Experi-
mental Procedures). The extracted forces and torques are thus
predictions for these same conditions, under the basic assump-
tion that DNA conformation in the crystal is essentially the same
as in solution.
Because DNA deformation modes are coupled, and because
elastic tension propagates along the molecule, base-pair step
conformations are nontrivially and nonlocally related to external
forces and torques. Well-known examples of this fact are the
complicated equilibrium shapes of elastic rods under the influ-
ence of forces applied only at their ends. An equilibrium shape
of present interest is shown in Figure 1. Here, the 147 bp
sequence of the NCP147 particle was relaxed freely, imposing
only that both end base pairs coincide with the corresponding
crystal structure (Davey et al., 2002). The resulting ‘‘pseudonu-
cleosome’’ DNA path strikingly resembles the true NCP147
path with an RMS deviation of 1.3 A˚., 579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 579
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DNA Nanomechanics in the NucleosomeFor the pseudonucleosome, external forces fk and torques tk
vanish for 2 % k % 146. Nonetheless, the elastic energy is
nonconstant along the pseudonucleosome (Figure 2). Its charac-
teristic 5 bp-periodic variations in energy result from the
anisotropic bending stiffness of DNA. Sequence dependent
structure and elasticity add further, aperiodic variations. The
total elastic energy of the pseudo-nucleosome of 50 kBT agrees
with an estimate of a worm-like chain model corresponding to
our rigid base-pair parameters; using lp = 45nm persistence
length (Becker and Everaers, 2007) gives a uniformly distributed
elastic energy of about 1.65plpkBT/r = 54kBT for the idealized
left-handed superhelical path of DNA in the nucleosome.
Even though structurally very similar, the pseudo-nucleosome
does not faithfully represent the mechanics of DNA in real
nucleosomes. Our results below demonstrate in detail how the
elastic states of nucleosomal DNA in 146 bp, 147 bp (Davey
Figure 1. NCP147-Sequence DNA
NCP147-sequence DNAafter free relaxationwithconstrainedends (gray) closely
follows the original path of DNA in the NCP147 nucleosome core (colored).
DNA base-pairs are represented as bricks of about half of the natural size.580 Structure 17, 579–589, April 15, 2009 ª2009 Elsevier Ltd All righet al., 2002), and Sin-mutated (Muthurajan et al., 2004) nucleo-
somes deviate from this null model. Most strikingly, high force
peaks occur in a characteristic repeating pattern at the well-
known, regularly spaced 12 sites of contact between the histone
core and the DNA sugar-phosphate backbone. Although regular
in the 147 bp structure, this pattern is perturbed at the twist
defect in the 146 bp nucleosome. Apart from contact sites,
also histone-tail-DNA contacts exhibit a force signature, allowing
their prediction when unresolved in a structure. Point mutations
in the protein structure (Muthurajan et al., 2004) also induce
changes in the force pattern of bound DNA; they reflect the
different classes of protein substitutions, and can partially be
traced back to differences in base-pair hydrogen bonding.
Motivated by the classification of histone-DNA contacts by
transmitted force strength, we formulate a simplified elastic
model of the nucleosome-DNA complex. The model is success-
ful in explaining the placement of the twist defect in the 146 bp
nucleosome structure, and hints at a broad distribution of elastic
energies of nucleosomes with twist defects.
RESULTS
We carried out DNA nanomechanics analysis (see Experimental
Procedures) for three nucleosome core particle structures
(Davey et al., 2002). The NCP147 structure contains a 147 bp
human a-satellite sequence. NCP146 has the same sequence
except for the missing central base pair. NCP146b is an alternate
146 bp structure with an unrelated a-satellite sequence. Both
146 bp sequences are palindromic. We also investigated Sin-
mutated structures (Muthurajan et al., 2004) and the linker DNA
in a tetranucleosome structure (Schalch et al., 2005).
As these structures have revealed, DNA in the nucleosome
overall follows a left-handed superhelical path, wrapped around
the histone octamer composed of histones H3, H4, H2A, and
H2B. Both 147 and 146 bp DNA paths have the same total angle
of superhelical wrapping; the missing base pair in the 146 bp
structures is compensated by a single overstretched region of
about 15 bp length. Binding occurs mainly with the DNA
backbones at 14 regularly spaced ‘‘contact sites’’ aroundA
B
Figure 2. Elastic Profiles of the Pseudonucleosome DNA Path
(A) Base-pair step elastic energies a of DNA with the full sequence-dependent elastic and structural parameters (squares, black), and of DNA with sequence-
averaged parameters (circles, gray), in thermal units at room temperature.
(B) External force (kfk, squares, red) and torque (ktk, circles, blue) magnitudes are nonzero only at the ends. Superhelical locations (SHL) as in Luger et al. (1997).
See Experimental Procedures for definitions of the superhelical angle (SHA) and the thermal length scale lth. Gray bars indicate the regions where the minor
groove faces the superhelical axis to within ±75.ts reserved
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Figure 3. Elastic Profiles of NCP147
(A) Base-pair step energies (as in Figure 2).
(B) External force and torque magnitudes (as in Figure 2). Spheres correspond to the primary bound phosphates (Richmond and Davey, 2003). The thermal force
scale of 245 pN is indicated.superhelical locations (SHL) ± 0.5, ± 1.5,., ± 6.5 where the
minor groove faces the histone core (Luger et al., 1997; Davey
et al., 2002). On the level of base-pair steps, DNA has been found
more strongly deformed than necessary for the overall superhe-
lical shape (Richmond and Davey, 2003); in particular, combined
strong roll and slide displacements are present at the contact
sites (Tolstorukov et al., 2007). In the following, we show that
these apparently unnecessary deviations from an ideal super-
helix reveal the mechanics of histone-DNA binding.
Strong Stereotyped Forces Act at Contact Sites
Figure 3A shows the profile of base-pair step deformation energy
along DNA in NCP147. Note the stark contrast to the pseudonu-
cleosome profiles in Figure 2. As a result of prerelaxation (Exper-
imental Procedures), this is the most relaxed energy profile
compatible with the crystal structure. Nonetheless, the total
energy is 198kBT, almost four times the value of either pseudo-
nucleosome or worm-like chain (cf. a similar elastic score in Tol-
storukov et al., 2007). This unexpectedly high energy is caused
by strong, nonuniform local deformation of DNA at the inner 12
histone fold-DNA contact sites, clearly visible in Figure 3A. At
integer SHL between contact sites, DNA is more relaxed, often
with energies on the level of the pseudonucleosome. Secondary
peaks in energy outside contact sites are discussed below.
The local peaks in elastic energy suggest that DNA is forced
into its bound shape by interactions with protein at the 12
contact sites. To answer how the protein attacks locally to
produce that shape, we analyzed the nanomechanics of DNA
in terms of the external forces and torques on DNA base pairs.
Figure 3B shows the resulting profiles of external force and tor-
que magnitudes in NCP147. The superhelical locations of strong
external forces correlate with the locations of high elastic energy,
and peaks in elastic energy correspond to characteristic double
or triple peaks in force strength. The highest forces do not
exceed 1.6 times the typical thermal force scale, and thus are
within the validity range of the elastic energy function (Experi-
mental Procedures).
The profiles of external force and torque magnitude suggest
a classification of protein-DNA contacts in terms of the strength
of transmitted force. For example, setting a force threshold of
150 pN in the force profile in Figure 3B, one retrieves stronglyStructure 17,forced base pairs exceeding the threshold at all 12 contacts
(and some in between [see below]). Physically, this classification
picks out those protein-DNA contacts that are under high tension
and therefore are most relevant for producing the observed
DNA conformation. This interpretation also suggests that
deleting protein-DNA binding by point mutations of the protein
should cause strong structural rearrangement at strongly forced
base pairs and only minor rearrangement at weakly forced base
pairs.
Figure 4 shows the three-dimensional pattern of mechanical
interaction between histones and bound DNA. Clearly, the
dominant forces occur at the contact sites, close to the primary
bound phosphates. Forces preferentially point outward or
tangential to the histone spool surface.
Comparing the forces at contact sites, one finds a character-
istic motif that repeats itself, with some variation, after each
helical turn (Figure 5). This motif consists of a pair or triplet of
shearing forces attacking at every other base pair along the
contact site, and pointing roughly perpendicular to the local
backbone direction.
A superposition of contact site base pairs and forces from
the more regular inner superhelical loop is shown in Figure 5B.
The motif at the L1L2 contact sites (Luger et al., 1997) at
SHL ±0.5, ±2.5 consists of three forces; the outer base pairs
are sheared in the plane tangential to the nucleosome, whereas
the central base pair is pushed out radially, away from the spool
surface. In contrast, the force motif at the a1a1 contact sites at
SHL ±1.5 consists of only two shearing forces spaced 1 bp apart.
Both motifs are accompanied by a pair of overwinding torques at
the outer base pairs.
Upon closer inspection of the structure, the observed force
motifs can be rationalized in terms of a well-known and highly
conserved feature of histone contact sites, namely the insertion
of an arginine residue into the minor groove, between the primary
bound phosphates (see Luger and Richmond, 1998). This inser-
tion is present at all inner 12 histone-fold contact sites. We find
that the protruding arginines are located next to that base pair
in each contact site, which is pushed radially outward (Figure 5).
An exception to this rule appears at the a1a1 contact sites at
SHL ±1.5, where the arginines extend less into the minor groove
(Luger et al., 1997). Here the pattern lacks the outward force579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 581
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base pair outward by a force of about 200 pN (except at
SHL ±1.5), while the surrounding phosphate backbone hydrogen
bonds keep the contact site in place, shearing it by a pair of
forces of the same order.
Contact Site Forces in NCP146
The 146 bp path around the NCP146 particle has an over-
stretched and overwound region about 15 bp long. This ‘‘twist
A
B
Figure 4. Vectors of Forces and Torques
Acting on DNA in NCP147
Vectors of forces (red) and torques (small, blue)
acting on DNA in NCP147.
(A) View on the two-fold axis (histone tails not
shown).
(B) Bottom view showing only the first half of
wrapped DNA up to the central base pair. Histone
tails are shown in wire-frame representation,
including tails from crystal lattice neighbors. The
primary contacted DNA backbone phosphates
are shown as purple spheres.
defect’’ lies between the contact sites at
SHL 2.5 and 0.5, at base pairs 24
to 10. Outside the defect region, DNA
conformation is similar to NCP147 (Davey
et al., 2002). How does the altered
arrangement of DNA change the mechan-
ical state of the complex? Figure 6 shows
a comparison of elastic energy and force
profiles between NCP147 and NCP146.
Both elastic energy profiles collapse at
SHL 0.5 and 1.5, indicating that prerelax-
ation in both structures gives directly
comparable results. Although the ener-
gies and forces of the two particles agree
closely over most of the nucleosomal
DNA path, in the twist defect region the
elastic energy is modified and the force
profile reveals clear differences.
In particular, around SHL 1.5 in
NCP146, forces attack at three consecu-
tive base pairs (Figure 7). Their magni-
tudes are similar to the corresponding
forces in NCP147, but force directions
match poorly with the regular force motif
(Figure 5B), reflecting a modified binding
mode at the twist defect in NCP146.
Histone Tails Exert Forces on DNA
Outside the set of 12 contact sites of
NCP147 and NCP146, external forces
and torques are generally lower. In partic-
ular, near-zero minima of external force
and torque indicate pieces of freely
suspended DNA. This is observed at SHL
0, +1, ±3 in NCP146 and at SHL 0, ±1,
±3, +4 in NCP147. Not all of the base-pairs
outside the well-known contact sites are free; secondary peaks in
the force and torque magnitude profiles occur at the SHL 1, ±2,
±4, ±5 in NCP146 and at ±2, 4, ±5 in NCP147, together with
secondary peaks in elastic energy (Figure 3).
Because all molecular interactions at the relevant ionic condi-
tions are short ranged, the presence of external forces at a partic-
ular base pair implies the presence of a direct contact between
that base pair and protein. Based on this observation, the
analysis of the deformed state of DNA permits the prediction of582 Structure 17, 579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved
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when the considered crystal structure is incomplete. In this
situation, unresolved protein loops can be detected by their
effect on the resolved DNA conformation.
In NCP147, based on nonvanishing external forces, predicted
histone tail contacts are at SHL ±2, 4, ±5. Because the
NCP147 structural model resolves histone tails (Figure 4), pre-
dicted and resolved contacts can be directly compared. We
find that indeed the structural model confirms the predicted
contacts at SHL +2 (histone tail of H4), SHL 2 (H3 from a neigh-
A
B
Figure 5. Force Motifs
(A) Force at the lower six contact sites of DNA in the nucleosome, starting from
the two-fold axis. Arginine residues protruding into the minor groove at the
contact sites are colored orange. Histone tails not shown.
(B) Superpositions of force patterns from the inner six contact sites. L1L2 motif
at SHL ±0.5, ±2.5, a1a1 motif at SHL ±1.5. Bound phosphates are shown as
purple spheres. The 5 bp segments were aligned on their central base pairs.Structure 17,boring particle via a crystal contact), SHL 4 (H2A) and SHL 5
(H2B). The force-based detection of protein contacts works only
in one direction: absence of external forcing does not imply
absence of contacts. In particular, not all of the tail contacts
present in NCP147 actually transmit strong forces. For example,
the crystal contact with a neighboring H3 tail at SHL 2 does not
result in a noticeable force peak. At base pair 51 only, we found a
200 pN external force without identifiable DNA-protein contacts,
possibly pointing to an inconsistency of the structural model.
(Although the other gyre of DNA at SHL 2.5 approaches SHL
5 to within 7 A˚, this seems insufficient as an explanation for the
observed forces.)
In contrast, in NCP146 histone tails are disordered and not
represented in the structural model. Nonetheless the resolved
DNA conformation requires the existence of histone tail-DNA
contacts at SHL 1, ± 2, ± 4, ± 5. In particular, at SHL 5, the
H2B tail passes between the two DNA gyres. The strong calcu-
lated forces at this location suggest that the disordered H2B
tail makes extensive contact, perturbing DNA. At the
symmetry-related site, SHL +5, tail contact forces are much
weaker, and the histone tail seems to contact SHL +4.5 instead.
Interestingly, the total increase in elastic energy from 198 kBT in
NCP147 to 214 kBT in NCP146 can be attributed to the SHL inter-
vals (5.5,4.5) and (+4.5, +5.5), whereas energy changes in the
twist defect region add up to only 1 kBT . Thus the naive expec-
tation that elastic energy should be elevated in the twist defect
region and unchanged everywhere else is not confirmed.
Sin Mutations Change Force Patterns
Point mutations of protein residues allow to study the effect
of a local perturbation in protein structure. In protein-DNA
complexes, the mechanical effects of such a perturbation are
reflected in changes of the DNA force pattern. This suggests
a mechanical classification of mutations: ‘‘weak’’ mutations
induce small changes of protein-DNA interaction forces in the
immediate vicinity of the mutated residue, whereas ‘‘strong’’
mutations lead to a cooperative rearrangement of protein-DNA
bonds and to nonlocal changes in the force pattern. Identical
substitutions might be strong or weak depending on their
structural context.
A genetic screen for mutations that alleviate the transcription
defects induced by inactivation of the chromatin remodelling
factor SWI/SNF, identified nucleosome variants with increased
mobility on DNA (Kruger et al., 1995). These so-called Sin muta-
tions are substitutions within histone H3 or H4 located in the
vicinity of both central contact sites at SHL ± 0.5. In a compara-
tive study of 146 bp Sin mutant nucleosome crystal structures
(Muthurajan et al., 2004), the conformational changes of the
complex with respect to the native NCP146 structure were found
to be generally rather small: root-mean-square deviations
(rmsds) are below 0.6 A˚, and the twist defect location remains
within SHL (2.5, 0.5).
We analyzed the changes in elastic state of DNA due to
different classes of Sin mutations, comparing their effects on
contact site force patterns in corresponding nucleosome struc-
tures (Muthurajan et al., 2004). Despite minor differences in
conformation, all mutations lead to pronounced changes in
interaction forces. The strongest effect is seen for ‘‘class I’’ muta-
tions, where either the arginine H4 Arg-45 protruding into the579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 583
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Figure 6. Elastic Profiles for NCP146 and NCP147
Elastic profiles for NCP146 (colored, squares) compared with NCP147 (gray, circles, same as Figure 3), plotted over the superhelical angle.
(A) Base-pair step energy a.
(B) Force magnitude kfk.
(C) Offset between the two structures defined as the SHA difference between base pair i +1 in NCP147 and base pair i in NCP146; lines indicate 0 and 1 bp offset.
Gray contact site bars and base-pair numbers correspond to NCP146.minor groove at SHL ±0.5, or the threonine H3 Thr-118 stabilizing
the arginine conformation, are replaced by various substitutes.
The nature of changes in elastic energy and force magnitude
(Figures 8A and 8B) caused by mutations depends on the pres-
ence of a twist defect. In the irregular half of the nucleosome,
mutations at SHL 0.5 cause drastic effects that extend to
SHL 1.5, indicating partial rearrangement of the twist defect
region. New force-transmitting bonds are formed at base pairs
15, 11, 10 in most of the mutated nucleosomes, whereas
force transmission at base pair 13 is partly dropped. The struc-
tural changes associated with these ‘‘strong’’ mutations remain
less than 1A˚.
In contrast, in the regular half, class I mutations are ‘‘weak’’
and have only local effects at the contact site SHL +0.5. As
an illustrative example, consider the mutation Thr-118-His584 Structure 17, 579–589, April 15, 2009 ª2009 Elsevier Ltd All righ(Figures 8C and 8D). Here three backbone-protein hydrogen
bonds between base pairs 8 and 9 are broken (site A), while
a new hydrogen bond is formed with the DNA backbone
between base pairs 6 and 7 (site B) (Muthurajan et al., 2004).
The force pattern changes correspondingly: a shearing force
at base pair 7 disappears while a new shearing force appears
at base pair 8. The force differences Df = fmutant  fwt shown
in gray in Figure 8D correlate qualitatively with the local bond
rearrangements if we assume that the hydrogen bonds are
under a net contracting tension: the loss of bonds at site A
results in an upward Df, while the new bond at site B produces
a downward Df. In general it is problematic to directly relate
atomic forces to base-pair forces, because the latter represent
thermal averages of microscopic interactions summed over
some implicitly defined base-pair region. RationalizingFigure 7. External Forces and Base-Pair
Conformations in NCP146 and NCP147
External forces and base-pair conformations in
NCP146 (colored) and in NCP147 (light gray).
(A) The twist defect region, viewed down the
superhelical axis direction, exhibits shifted bases
and a perturbed force pattern.
(B) The symmetry-related regular region, viewed
up the superhelical axis, exhibits coinciding force
patterns.ts reserved
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local bond rearrangements appears more promising, and
deserves further study.
Tetranucleosome Linker Conformation
The tetranucleosome structure at 9 A˚ resolution (Schalch et al.,
2005) shows a possible arrangement of nucleosomes in
chromatin and the topology of linker DNA connecting them.
In this structure, the z40 bp DNA linkers are either straight
or bent by 27. Like the noncontacted DNA bridges within
the nucleosome, both types of linkers are examples of freely
suspended DNA. Therefore, nanomechanics analysis should
characterize them as force and torque-free. After restrained
prerelaxation (Experimental Procedures), the straight linker is
indeed found to be force and torque-free, whereas the bent
linker at base pairs 160 to 200 still exhibits unphysical external
forces in the range of 100 pN. We refined the linker DNA
structure on a coarse-grained level, by imposing the physical
requirement of vanishing external forces. That is, we allowed
the bent linker region to relax freely, constraining its ends to
match with the surrounding nucleosome-bound DNA. This
procedure leads to a force-free linker with an rmsd of 4 A˚ to
the original atomistic model, and a maximum deviation of
8 A˚ (Figure 9). We conjecture that this alternate linker structure
is still compatible with the observed electron density. The total
elastic energy stored in the 40 bp of force-free bent linker is
only 1 kBT, indicating a very low elastic cost of incorporating
the tetranucleosome bent linker conformation in the 30 nm
chromatin fiber.
A
B
DC
Figure 8. Sin Mutations Change Force
Patterns
(A and B) Elastic profiles for the central region of
Sin mutants of H4 Arg-45 (green) and H3 Thr-118
(blue) compared with NCP146 (black). (A) Base-
pair step energy a. (B) Force magnitude kfk. Gray
and blue bars indicate contact and mutation sites,
respectively.
(C and D) DNA-protein forces at SHL 0.5. (C) Wild-
type (PDB 1kx3). Thr-118 colored in orange. (D)
Thr-118-His (PDB 1p3l), His-118 colored in blue.
Forces f are shown in red, whereas force differ-
ences to wild-type Df are shown in light gray.
Note the appearance of a new hydrogen bond at
site A and the disappearance of three hydrogen
bonds at site B.
DISCUSSION
Overall Force Strength
Because forces and torques resulting
from nanomechanics analysis are defined
on the coarse-grained level of base pairs,
the much stronger and highly fluctuating
forces on the atomic level are effectively
averaged. This makes it possible to
extract meaningful force values within
the available resolution of X-ray struc-
tures. The peak forces found in the nucle-
osome of around 300 pN might seem
unrealistic for DNA, which can be mechanically unzipped by
forces as low as 20 pN, and undergoes an overstretching transi-
tion at 65 pN in pulling experiments on DNA fragments in solution
(e.g., Strick et al., 2000). Yet there is no contradiction because
the forces determined by DNA nanomechanics analysis of the
nucleosome correspond to local shearing deformation of the
intact DNA duplex; they are of the same order as random thermal
forces on rigid base-pair DNA as estimated by a thermal equipar-
tition argument (see Experimental Procedures) and reference
(Becker and Everaers, 2009).
Twist Defect Placement
Sequence-dependent structure and elasticity of DNA not only
governs equilibrium positions of nucleosomes on the genome,
but also influences the dynamics of nucleosome repositioning
via diffusion of twist or loop defects through wrapped DNA
(see Schiessel, 2003). In the following, we begin to investigate
this biologically important process by estimating the elastic
cost of twist defects. To this end we introduce a coarse-grained
mechanical nucleosome model ‘‘NCPDtail,’’ which is based on
the NCP147 crystal structure. NCPDtail incorporates only the
most important constraints on DNA conformation, as identified
by the strong forces at the 12 contact sites, while the influence
of histone tail contacts is eliminated.
In NCPDtail, DNA is subject to forces from the nucleosome only
at the 12 contact sites. We define base pairs as contacted if their
minor groove direction faces the histone surface to within ± 75
(corresponding to the gray bars in Figure 3). This gives a total
of 48 contacted base pairs in the 12 contact sites on NCP147,Structure 17, 579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 585
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regions. (The results in the following are only weakly affected by
varying the angular range of contacts between ±60 and ±90.)
DNA elastic energy is minimized by fixing the contacted base
pairs but freely relaxing the noncontacted ones. The resulting
elastic energy for NCPDtail147 is 164 kBT ; forces and torques
vanish at all noncontacted base pairs.
Using NCPDtail, we can now compare the elastic costs of intro-
ducing a twist defect at each of the noncontacted bridges at
integer SHL i from 5 to +5, as follows. Removing a single
base pair at SHL i creates a 146 bp structure with a gap. Now
some 146 bp sequence of interest is threaded over this structure,
leading to new local elastic parameters. The structure is then
allowed to relax as above, closing the gap and producing
a simplified nucleosome structure NCPi
Dtail with elastic energy
Ai. The Ai estimate the relative energetic cost of a twist defect
at each of the bridges at SHL i, for the given sequence. These
estimates are based on structural input only from NCP147.
Note that for palindromic sequences, a perfect two-fold
symmetry of the NCP147 structure around the dyad axis would
imply Ai = Ai. Deviations from this rule reflect breaking of the
two-fold symmetry of NCP147.
We used the above procedure on two palindromic sequences
coinciding with those of NCP146 and NCP146b, respectively
(Davey et al., 2002). The corresponding simplified nucleosome
models are denoted NCPi
Dtail146 and NCPi
Dtail146b, respec-
Figure 9. Linker DNA Relaxation
(A) Asymmetric unit of the tetranucleosome
structure, containing two nucleosomes.
(B) Magnification of the bent linker region. The kink
in the original structural model (gray) is smoothed
out in the freely relaxed linker model (pink).
(C) Base-pair frame conformation and force
vectors for the linkers in (b). For the freely relaxed
conformation, the forces vanish.
tively. Rmsds of simplified model struc-
tures from the corresponding experi-
mental 146 bp crystal structure, and
elastic energy predictions Ai, are shown
in Figure 10. The predicted NCPDtail struc-
tures match well with the observed struc-
tures if the twist defect is put in the right
place, i.e., within the respective twist
defect region. In NCP146, the twist defect
lies within SHL (2.5,0.5) whereas in
NP146b, it is located within SHL
(5.5,3.5). Because NCP146 has
almost the same sequence as NCP147,
it aligns better with the corresponding
simplified nucleosome structures than
NCP146b.
More importantly, the simplified nucle-
osome model is also able to explain the
sequence-dependent placement of the
twist defect: The twist defect locations
that match best with the crystal structure
are found to be twist defect locations of minimal elastic energy.
The NCPDtail146b model correctly reproduces the preference of
SHL 4 over +4 that is observed in the crystal structure. In the
NCPDtail146 model, the two symmetry-related twist defects
SHL ±2 are nearly degenerate.
The fact that only SHL 2 is actually present in the NCP146
structure might be a result of an asymmetric arrangement of
histone H4 tails in NCP146 that is not captured in the simplified
A
B
Figure 10. Twist Defect Placement
(A) Rmsd between simplified nucleosome structures and the corresponding
146 bp crystal structure as a function of twist defect SHL.
(B) Predicted elastic energies Ai for 146 bp nucleosomes, relative to the
minimal twist defect energy. Blue, circles: NCPDtail146; orange, squares:
NCPDtail146b.586 Structure 17, 579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved
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defect locations are a likely cause for the relatively poor definition
of electron density for DNA in the 146 bp structures (Davey et al.,
2002). In this respect it is interesting to note that the Debye-
Waller B-factor of DNA of the higher-resolution NCP146 struc-
ture is higher than that of NCP146b. The defect energy estimates
in Figure 10 suggest a possible explanation: In the Boltzmann
distribution of twist defect states in the NCP146 crystal, the
degenerate defect positions SHL ±2 carry the same weight,
leading to high structural disorder. On the other hand, the nonde-
generate lowest energy state in NCP146b would lead to a Boltz-
mann distribution with a single peak, and thus to a more ordered
crystal, in accord with the observations.
The lowest energy twist defect states in NCPDtail146 are only
about 2kBT higher than the NCP
Dtail147 relaxed energy, indi-
cating high thermal accessibility of the lowest excited states.
The spread of excited energies is about 10 kBT . On average,
a localized twist defect costs about 7 kBT, which is in exact
agreement with a corresponding estimate (Schiessel, 2003)
based on a worm-like chain-nucleosome model. However, the
pronounced position and sequence dependence of twist defect
energies will lead to defect diffusion dynamics different from that
in a two-state model with a 7 kBT energy difference.
Conclusion
DNA nanomechanics analysis opens an alternative view on the
nucleosome core particle. By considering the mean forces and
torques of mechanical equilibrium between the complex part-
ners, one obtains a physically intuitive interpretation of the struc-
tural data, which complements the conventional analysis of
molecular conformation. Furthermore, the analysis provides
valuable insight for the construction of simplified mechanical
models for the biological function of the complex. In all nucleo-
some structures, the strongest forces are found at the 12 regu-
larly spaced histone-fold DNA contact sites. They are respon-
sible for about 80% of the 200 kBT elastic deformation energy
in nucleosomal DNA, making its elastic state drastically different
from that of a superhelical equilibrium shape. The contact site
forces form a characteristic repeating motif that only weakly
depends on the details of the respective site. This motif can be
rationalized in terms of the well-known repetitive local structure
of the histone contact sites: two histone-DNA backbone
contacts spaced 2–4 bp steps apart on both sides of the
histone-facing minor groove hold back DNA, while between
these contacts a base pair is pushed radially outward by
a protruding arginine residue. This force motif is present in
NCP147 and NCP146, and with more irregularities that might
stem from the lower resolution, in NCP146b (not shown). Point
mutations of the histone contact sites induce pronounced
changes of the force pattern, which are local on the regular
half of the histone and extended in the presence of a twist defect.
So to a first approximation, the nucleosome mechanically
resembles a superhelical array of 12 contact sites that induce
a repeating motif of local shear deformations.
A second set of somewhat weaker forces below 200 pN is
associated with contacts between DNA and histone tails, either
from the same core particle or from a crystal neighbor. In the
NCP146 nucleosome structures, histone tails are not resolved.
Here the presence of external forces outside the 12 contact sitesStructure 17allows one to predict histone tail contacts. The tail contacts
around SHL (5.5,4.5) and (+4.5, +5.5) break the approximate
two-fold symmetry of the complex and are responsible for most
of the elastic energy increase in comparison to NCP147.
The clear mechanical effects of histone tail arrangement
suggest that nucleosome positions in chromatin are influenced
by a nontrivial coupling: the arrangement of histone tails
connecting neighboring core particles in the fiber could, via
DNA tail contacts, modify the free energy landscape of DNA
positioning on each nucleosome in the fiber. Although such
a feedback of higher-order structure on single-nucleosome
positioning might occur in chromatin, we found that a much
simpler model of nucleosome mechanics is able to explain the
placement of twist defects in nucleosome crystals. Including
the mechanical constraints of NCP147 contact sites and ne-
glecting tails, this model reproduces the twist defect locations
of both available 146 bp nucleosome structures. Its inability to
capture the two-fold symmetry breaking in NCP146 might
indicate a limitation of neglecting tail effects. The 10 kBT range
in elastic energy for different twist defect positions gives an idea
of the energy landscape of diffusing twist defects and should be
helpful as a guide in modeling nucleosome repositioning.
EXPERIMENTAL PROCEDURES
Structural Data
Our starting points are atomistic structural models of electron density maps
observed by X-ray crystallography (‘‘structures’’). In this article, we considered
published nucleosome core particle structures of NCP147, NCP146, and
NCP146b (Davey et al., 2002) (Protein Data Bank [PDB] files 1kx5, 1kx3, and
1kx4, respectively; Bernstein et al., 1977), and the tetranucleosome structure
(Schalch et al., 2005; 1zbb). We also analyze a subset of the Sin-mutation nucle-
osome structures (1p3{b,f,g,i,k,l,m}) (Muthurajan et al., 2004). Our base-pair
numbers always refer to the first DNA chain ‘‘I’’ in the corresponding PDB file.
Nanomechanics Analysis
Starting from the atomic coordinates of a piece of protein-bound DNA, the
corresponding rigid base-pair representation can be computed in a standard-
ized way (Olson et al., 2001; Lu and Olson, 2003). The resulting data are an
orientation Rk and a position in space pk, for each base pair k. Here Rk is a
33 3 rotation matrix and pk is a 33 1 column vector. We call this representa-
tion of the DNA fragment a rigid base-pair chain or just a chain. In an initial
prerelaxation stage, we allowed the chain conformation to relax, keeping it
restrained to a small region so that it stays consistent with the input structure
(see the corresponding subsection below).
To hold the chain in a given, fixed conformation, forces and torques have to
be exerted on each base pair. Formally these external forces and torques can
be viewed as Lagrange multipliers enforcing the conformation constraint. They
are given as derivatives of the elastic energy with respect to infinitesimal
base-pair displacements and rotations, respectively. The derivatives can be
conveniently taken using a formalism well-known in robotics (Murray et al.,
1993), which we briefly summarize. The base-pair fixed material frames are
represented as 4 3 4 block matrices gk = ½ Rk pk0 0 0 1 . We introduce
infinitesimal matrix generators Xi of rotations (1 % i % 3) and translations
(4% i% 6), as 4 3 4 matrices with entries (Xi)jk = 3jik+dk4di3j. The total elastic
energy A of the chain is a function of base-pair step conformations, which are
given in this formalism as gkk+1 = gk
1gk+1. We consider only the case of
uncoupled base-pair step deformations, so that
A=
Xn1
k =1
abkbk + 1 ðgkk+ 1Þ: (1)
Here, the nucleotide sequence of the chain b1b2,.,bn. The individual base-
pair step energies abkbk+1 depend parametrically on sequence. Their argument is, 579–589, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 587
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minimal energy at the equilibrium conformation of the dinucleotide step
bkbk+1. For details on the matrix coordinates used, see Becker and Everaers
(2007).
Using the matrix generators, derivatives of AB with respect to infinitesimal
rigid motions of the base pair k can be written as
mki =
d
dh

0
ABðg1;.;gk1;gkð1+ hXiÞ;gk + 1;.;gnÞ: (2)
They have simple interpretations: (mki)1 % i % 3 are the components of the
external torque tk on base-pair k about an axis through pk, while (mki)4 % i % 6
are the components of the external force fk attacking at pk. All of these compo-
nents are with respect to the reference frame Rk.
Now instead of a static conformation constraint, consider thermal fluctua-
tions around a given deformed mean conformation. Equation 2 can in principle
be evaluated for each instantaneous conformation, resulting in fluctuating
instantaneous forces and torques. Averaging over thermal fluctuations gives
the thermal mean forces and torques. Expanding A around the thermal
mean conformation, one can see that within a range of linear response, the
thermal mean forces and torques can be calculated by evaluating the
unchanged Equation 2 at the thermal mean conformation.
In summary, fk,tk are the local mean forces and torques by which the protein
acts on each base-pair in thermodynamic equilibrium. They are balanced by
the elastic response of the chain acting on the protein. For full details of the
method, an evaluation of its robustness, and further examples, see Becker
and Everaers (2009).
Rigid Base-Pair Parameters and Validity Range
For the rigid base-pair elastic energy functions, we used a dinucleotide
sequence-dependent, hybrid parameter set (Becker et al., 2006). It is based
on a combination of equilibrium conformations from protein-DNA cocrystal
structures (Olson et al., 1998) and stiffness parameters extracted from all-
atom, explicit solvent molecular dynamics simulations (Lankasˇ et al., 2003).
This parameter set, called ‘‘MP’’, outperformed other possible parameter
choices in predicting biochemical affinity data (Becker et al., 2006), and at
the same time reproduces the standard worm-like chain elastic constants
for long DNA (Becker and Everaers, 2007). As an alternative choice of elastic
parameters we considered a pure structural knowledge-based parameter
set (‘‘P’’) based only on the cocrystal data in Olson et al. (1998). Comparison
of results between the two parameter sets showed that nanomechanics
depends only weakly on this choice; likewise, details of the crystal packing
were not found to affect the results (Becker and Everaers, 2009).
Because the stiffness parameters were measured in a simulation of
room-temperature DNA with physiological salt concentration, the forces we
calculate are valid for these conditions. The basic assumption here is that
the crystal structure, although taken at z100 K and at different ionic condi-
tions, reflects the mean structure of the complex in solution. This assumption
is made ubiquitously when interpreting crystal structures in terms of biological
function. Also, the fact that the P parameter set gives similar results as the MP
parameter set suggests that the changes in DNA elasticity due to different
temperature and ionic conditions do not qualitatively affect predicted forces.
Prerelaxation
To account for the finite precision of structural models and reduce noise in the
calculated forces, we introduce an initial prerelaxation stage. This strategy has
been used for atomistic force fields in related studies (Paillard and Lavery,
2004; Morozov et al., 2005). Specifically, before any force analysis is carried
out, the rigid base-pair conformation of the entire DNA fragment is allowed to
relax simultaneously, descending the gradient of the elastic energy A; at the
same time, each base pair is restrained to a small region around its original
conformation by a sharply increasing potential. The size of the allowed prerelax-
ation region is chosen so that the relaxed conformation always stays consistent
with the original structuralmodelwithin the given atomicpositionuncertainty.The
rationale for prerelaxation is to smooth extreme peaks in the calculated forces,
thus correcting for the somewhat crude representation of deformed base pairs
by rigid base-pair frames, within the error limits of the structural input data.
In practice, the prerelaxation restraining potential is constructed to suppress
base-pair motions with a mean square displacement of model base-pair588 Structure 17, 579–589, April 15, 2009 ª2009 Elsevier Ltd All righatoms by more than a range rm. We took the prerelaxation range rm equal to the
estimated atomic coordinate error deduced from a Luzzati plot, as reported in
the PDB files. This was around 15% of the reported resolution; rm = 0.3A˚ for
1kx{3,4,5} and rm = 0.4A˚ for 1p3{b,f,g,i,k,l,m}. For the DNA linker in the
low-resolution tetranucleosome structure 1zbb, rm was set to 15% of the reso-
lution (i.e., 1.4 A˚). Although somewhat arbitrary, this choice of rm does produce
the most relaxed base-pair conformation compatible with the structural model.
The elastic energies and forces are computed after this prerelaxation and
can thus be considered lower bounds. Generally we found that as long as
rm R 0.1 A˚, varying rm reduces in a global scaling of predicted forces and
torques and has little effect on their directions and relative magnitudes. A
more detailed account of the effect of various choices of relaxation range
can be found in Becker and Everaers (2009).
Units and Geometry
To define a unified scale for forces and torques, we measure torques in units of
pN lth where the thermal length, lth, is given as the ratio of thermal torque and
force scales. By applying energy equipartition for our rigid base-pair elastic
energy function, one finds
lth =

jjtjj2
1=2

jjfjj2
1=2 =
130pN nm
245pN
= 0:53
which happens to be about half a base-pair diameter.
To describe the superhelical geometry of nucleosomes, a least-squares fit
of an ideal superhelix through the innermost 79 base-pair centers was per-
formed, yielding the well-known parameters: superhelical radius of 4.16 nm,
superhelical rotation of 4.62 per base pair, and superhelical pitch of
2.52 nm. We define the superhelical angle (SHA) of each base pair as the angle
enclosed by the respective shortest line from the base-pair center to the super-
helical axis, and the dyad axis. Thus SHA = 0 for base pair 74 in NCP147 and
for base pair 73 in the 146 bp nucleosome structures, and SHA < 0 (>0) for
lower (higher) base pair numbers. The half-integer SHL (Luger et al., 1997)
±0.5,., ±5.5 are defined as the locations where the minor groove faces the
histone core. The superhelical angles corresponding to these SHL were deter-
mined by the requirement that the base pair x axis be orthogonal to the super-
helical axis. We defined SHL for all other base pairs by linear interpolation.
Implementation
Rigid base-pair frames were computed from atomic coordinates by least-
squares fitting of model base pairs, using the 3DNA program (Lu and Olson,
2003). This program was also used to reconstruct an approximate atomistic
model of relaxed tetranucleosome linker DNA, shown in Figure 9. The prerelax-
ation as well as analytic calculations for force and torque extraction were
implemented in Mathematica. Three-dimensional vector depictions of base-
pair conformations, forces, and torques were generated as VRML files, which
are available online (see Supplemental Data available online). They can be
visualized and superimposed with the corresponding atomic structural models
using molecular visualization software. The graphics in this article were
generated with the freely available program Chimera (Pettersen et al., 2004).
SUPPLEMENTAL DATA
Supplemental Data include one movie and can be found with this article online
at http://www.cell.com/structure/supplemental/S0969-2126(09)00086-0.
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